PCX 



WORLD INmLBCTUAL PROPBRTV ORGANIZATION 
International Bureau 




INTERNATIONAL APPUCATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) .Internaaonal Patent Classification : 




(11) Internati^iial Publication Number: 


WO 00/36685 


HOIM 12A)6, 4/62, 8/22, 4/90 


Al 


(43) International Publication Date: 


- 22 June 2000 (22^.00) 



(21) International Application Number: PCr/IL99/0068J 

(22) Internationa] Filing Date: 15 December 1999 (IS.12.99) 



(30) Priority Data: 
60/112,292 
60/129.401 



IS December 199S (IS.12.98) US 
15 April 1999 (15.04.99) US 



(71) Applicant (fa r all d esignated States except US): ELECTRIC 

FUEL LIMITED [IL/IL]; Westeni Industrial Paric, P.O. Box 
641, 99000 Bet Shemesh (IL). 

(72) Inventors; and 

(75) Inventors/Applicants (far US only): EIN-EU, Yair [IL/ILl; 
Haelah Street 9, 99024 Bet Shemesh (IL). GIVON, Men- 
achcm [UilL]; Uziel Street 12, 58343 Holcn (IL). aNGER- 
MAN. Yuli HL/E.]; Ortal Street 6/1. 99612 Bet Shonesh 
(IL). 



(81) Designated States: AE. AL. AM, AT. AU, AZ, BA, BB, BG, 
BR. BY. CA, CH, CN. CR; CU. CZ. DE, DK, DM. EE, 
ES. FI. GB. GD, GE, GH, GM, HR, HU. ID. IL. IN, IS. JP, 
KE. KG, KP, KR. KZ, LC, LK. LR. LS. LT, LU. LV, MA, 
MD. MG. MK. MN. MW, MX, NO. NZ, PL. PT. RO. RU. 
SD. SB, SG. SI. SK. SL, TJ. TM, IR. TT, TZ. UA, UG. 
US. UZ. VN. YU, ZA. ZW, ARIPO patent (GH, GM. KE. 
LS. MW, SD. SL, SZ. TZ, UG, ZW), Eurasian patent (AM. 
AZ. BY, KG. KZ. MD, RU, TJ, TM). European patent (AT. 
BE. CH, CY, DE, DK, ES. FI, FR. GB, GR, IE. IT. LU. 
MC. NL. PT. SE). OAPI patent (BF. BJ, CF, CG. CI. CM,- 
GA. GN, GW. ML. MR. NE. SN. TD. TG). 



Published 

With international search report. 



(74) Agent: REINHOLD COHN AND PARTNERS; P.O. Box 4060, 
61040 Tel Aviv (IL). 



(54)TiUe: CORROSION RESISTANT HIGH PERFORMANCE ELECTOOCHEMICAL CELL 




(57) Abstract 

Particlc-size-selected metal is mixed wiOi an electrolyte and used as a combined anode/electrolyte in a metal-alkaline battery cell. 
The panicles in the particle-size-selected metal are selected so that substantially all of the panicles are larger than a pi^etermined size. 
The resulting batteiy cell exhibits improved corrosion and shock-resisting properties, as compared to when metal panicles that have not 
been slze^elected are used. In a prefened embodiment, zinc is used as the panicle-size-selected metal to form a zinc-air battery. 
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COMIOSION RESISTANT mCH PEM'ORMANCT 
ELECTROCHEMICAL CELL 

CROSS REFERENCE TO RE LATED APPLTCATTONS 

Priority is claimed to U.S. application No, U-S. plication No, 60/1 12;292, filed on 
December 15, 1998; and U.S. application No. 60/129,401, filed on April 15, 1999, and each 
of these applications is incorporated herein by reference in its entirety. 

BACKGROU ND OF THE INVENTION 

The present invention relates to zmc-based alloysiand eledro^^ additives providing 
resistance to corrosion and in^iroved performance as an electrode in electrochemical cells. 
The invention also relates to materials for housing electrochemical cells ameliorate 
corrosion problems. The preseht.invention is particularly ^^plicable for zuic-based alloys for 
use in metal-air battery cells. 

In conventional anc^air batteries, the cathode reduces ambient oxygen^ \vfaich nieans 
that the battery has only a single consumable electrode. The cathode of a metal-air battery 
typically has an active layer of iactivated carbon, a catalyst, and a binder, which forms a 
network and holds the caibon together. Embedded within &e active byer is a metal current, 
collector. A guard layer covers the surface of the active layer that faces the outside air, and an 
ionically conducting separator covers the surface that faces the anode. The guard layer keeps 
electrolyte fix)m leaking out of the cell, and the separator separates the anode or an electrically 
conductive reaction product fit>m the cathode active layer, thereby preventing an electrical 
short 

Polytetrafluproethylene (PTFE) is an exaiiq)le of a suitable material for a binder, and 
manganese oxides and hydroxides are commonly used catalysts* A riickel screen is a 
commonly used current coUectox: although an expanded metal sheet or an alternative 
conductive material can be used, instead. The guard layer can be made of a sheet of porous 
PTFE, and the separator can be made of a semipermeable membrane or a porous material. 
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Zinc-alkaline cells are known in the art as safe power sources having very hi^ energy 
densities. One class of such cells -namely, zinc-air ceUs- can use ambient oxygen as one of 
their electrodes* which eliminates the need for such ceDs to house two consumable electrodes 
in the sapie casing. Along with the benefits of metal-alkaline cells comes the drawback of the 
anode's tendency to conode, particulariy in the presence of dissimilar metals and electrolytes. 
Also, metal-alkaline batteries suffer fiom relatively poor performance in low teinperature 
cnviroDxiieiits. 

One exanq)Ie of metal ancaline cells, 
energy densities. The components of zinc-air cells are typicaUy lightweight and inexpensive. 
Although zinc-air cells have high energy density, their power edacity is not extremely high 
and this is unfortunate since many electronic portable devices demand relatfirely large 
momits of power fom their power sources.. 

A known technique for enhancing power perforaiance in metalralkaline cells is to 
provide high reaction rates by subcKviding fbs metal as finely as possible or using crystalline 
Jfoims characterized 1^ high surfece to mass ratio. Electrolytic zmc derives its ability to 
increase its power thnjugji its very high surface ar^ Unfortunately, the higher 

surface area also contributes to inoeased corrosion rates. It is known to alloy metals such as 
zinc with metals that reduce the com)sion rate. However, electrolytic zinc cannot be alloyed 
easily because ofihe way it is foimed. . 

Thermal zinc (powdered zmc formed by atomization) is susceptible to alloying: 
However, fliermal zmc cannot, at present^ approach electrolytic zinc's surface ar^ to mass 
ratio* 

Zinc-air battery cells typicaUy have casings made, at least partly, of metals The 
beneficial material properties of metal include its ability to serve the multiple purposes of 
housing the electrode(s), serving as electrical terminal(s) of the cell, and as providing a large 
surface area to act as a low resistance current collector. Its value as a housing material 
derives firom its cost, manufacturability, strength, and other features. Cells can be made &om 
two electripally insulated metal casing elements, which act as the opposing terminals of the 
cell, making the cell easy to electrically coimect with an electronic device. Further, metal 
casings are inexpensive to manufacture, sometimes requning only a simple stamping 
operation of a thin sheet of metal to form a relatively precisely shaped casing element 

Metal casings can exacerbate corrosion by forming a galvanic process with the zinc 
and the electrolyte. Corrosion wastes the cell's energy by coiisurning the zinc anode. Certain 
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agents haye been foimd.to i^uce the corrosive effects. However, these corrosion-inlubitiiig 
agents create certain difficulties and tend to inhibit 

The parasitic corrosion of zinc produces hydrogen gas. Hydrogen, ifnot permitted to 
escape &om the casing of the cell, can cause the internal pressure of tiie cell to rise. An 
5 increase in the internal pressure oftheceU can c»use the ceU to el^^ 
electeolyte, and potentially burst 

Zinc-air battery cells typically perform poorly in low temperature envirormaents. As 
the tenq>erature decreases, the viscosity of the electrolyte increases, which can lower the 
power capacity and overall- eneigy edacity (given a mmi2num--vpltage requirement for 
10 usability) of the cells. 

Zinc-air batteiy cells are also susceptible to fidlure due to sudden shocks. Sudden 
shoc^ can significant^ and temporarily reduce the diis^^ These 
shocks can cause the electronic device to temporarily lose power, in certain ^lications^ a 
tenq>orary loss of power can ha^e significant adverse effects. For exam 
IS power in a ceUular phone may result in disconnection. 

StiMMARY OF THE INVEWTION 

It is a prindpal object of the invention to provide an dectrochenucal ceU havm 
electrodes with improved corrosion resistance and higher performance, particularly at low 
.20 temperatures. It is a further object of the invention to provide a metal casing that can 

eliminate or significantly inhibit tiie reactivity between a zmc-based anode and a metal casing. 

Electrolytic zinc, wifli its high current generation potential, is mixed with thennal zinc, 
which can then be mixed with corrosion-inhibiting agents. In the alternative, the corrosion- 
inhibiting agents can also be alloyed with the thennal zinc, during its formation or otiierwise, 
2S and then be combined with electrolytic zinc. In the formation of pure electrolytic zinc, the 
corrosion-inhibiting metals aie less prone to aUoy with the zmc anode. The addition of these 
agents significantly reduces the rate at vtrhich &e zinc corrodes. 

In certain mixtures of electrolytic/thermal zinc, the two types of zinc can be mixed 
together and pressed to form mto a plaque. The formadon of a plaque may eliminate &e need 
/30 to add a gelling agent The result is a somewhat rigid structure that is enable of being placed 
in the cell instead of being extruded in the cell. The structure of fhezinc significantly, 
improve the manufecturability of the cell. 
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A typical tii-clad metal casing is made of layers of nickel, stainless steel, and copper, 
with the layer of copper on the inner surface of the casing element and the layer of nickel on 
the outer surface of the casing element The comhination provides strengdi via tiie stainless 
steel, better electrical connectivity through the addition of the nickel, and a reduction in the 
5 chemical reactivity between the layer of stainless steel and the zinc anode tfaroujgh the use of 
copper. A layCToftinoiitqpof&e layer ofcopper can finlher reduce t^^ 
activity by iseparatmg the zinc/electrolyte mixture from the metal casing. This layer can be 
added by soldering, electrolydc platiiig, or by an electroless process. 

The performance of the zinc anode, especially in low temperature environments, can 
10 inq>roye through the addition of low viscosity diluents and/or alumina. The addition of 

dihierite such as isopropanol have been found to increase flie discharge voltage of ihe cell witii 
a minor decrease m energy capacity. The addition of ^umina increases the en^gy capacity of 
the cell by 19 to 20%. The combination provides both benefits; 

The invention win be described in connection with certain prefen^ 
15 with reference to the following illustrative figures so that it may be more My und^bod. 

With reference to &e figures, it is stressed that the particular 
exanrple and for purposes of illustrative discussion of the preferred embodiments of the 
present invention only, and are presented in the cause of providing what is believed to be the 
most usefiii and readily understood description of the principles and conceptual aspects of the 
20 invention. In this regard, no attempt is made to show stnictural details of the inventioii in 
more detail than is necessary for a fundamental understanding of the invention, the 
description taken witii the drawings making apparent to those skiUed in the a^ 
several fpnns . of the invention may be embodied in practice. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

. Fig. 1 is graphic^ represeiitation of discharge voltages of two similarly sized battery 
cells with zinc anodes having a different porodty. 

Fig. 2 is gr^hical representation of the discharge voltages of five similarly sized 
battery cells with zinc anodes having different porosity and polyethylene glycol (PEG) 
30 content. The representation shows the effect tiiat a sudden jolt has on differently configured 
battery cells. 

Figs. 3 and 4 show the effect that the additions of a diluent and alumina to a metal 
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anode have on the perfomance of a battery ceU exposed to a low ten^ 

Fig. 5 shows a aross-sectional representation of a tri-clad metal anode casing elemmt 
of successive layers of nidcel, stainless steel, and copper. 

Fig. 6 shows an alternative cross-sectional representation of a tri-clad metal anode 
5 casing element with a layer of copper on both sides of a layer of stainless steeL 

Fig. 7 is a schematic section view df a typical zinc-air battery cell that can make use of 
the air cathode of the present invention. The schematic is intended only to illustrate 
. relationships between various coinponents. 

Fig. 8 is schematic section, partial perspective, view of an air cathode illustrating some 
10 Qflheepibodiments of the invention. 

PEscRBPTioN Of rm pwEynryoN 

The cathode described herein is intended for use in electrochemical cells or fuel cells. 
It is especially intended for use in primary metal-air battery cells, and especially zinc-air cells. 

15 The cells may be any suitable shape and be arranged in a housing that is liberally supplied 
vnih openings to allow air gases to be exchanged between the ambimt air and the enclosed 
cells. The cells can have a housing of metal, plastic, or any other suitable material. Each cell 
may have an array of air holes, such as used in zinc-air button ceUs, in such number and size 
as to allow oxygen to be isupplied to a cathode inside Hie cell. The air holes of each cell may 

20 face either a plenum or the casing wall. The air holes are imifonnly distributed, sized, and 
present in such number so as to insure that the cathode is not starved for oxygen, which could 
cause a drop in voltage. As an alternative to holes, the cell may use a semipermeable 
membrane or structure that permits the difiusion of gases through the membrane or structure. 
Referring to Fig. 7, each of the cells 5 contains at least one air cathode 20 and at least 

25 one zmc anode 25 with aqueous alkaline electrolyte (e.g., KOH). The cathode 20 lies 

adjacent a cathode side of the cell casing 2 and may be separated from that side by a difiuser 
50, The dififuser 50 distributes, oxygen from holes 60 in the cathode sid 
the surface of the cathode 20 and keeps the cathode 20 at a fixed distance, equal to the 
diflfuser's 50 thickness, from the cathode side 2 of the cell 5. The difiuser 50 may be a porous 

30 material such as woven, knitted, or rion-woven cloth or extended plastic mesh inaterial. It 
may act as astandoffto prevent the air-side surface 22 of the cathode 20 from smotiiering any 
of the holes 60 when an expansion of the zmc anode 25 causes the surface to press against the 
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inside wall of the cathode side of the cell 2. The holes 60 in the cathode side of the cell 2 are 
unifonnly distributed across the primary plane 70 of the cathode side of the cell. 

The casing 1/2 of the cell maybe formed in two halves, an anode side 1 and a 
cathode side 2 as in Fig. 7. The ceD caring 1 / 2, may be fonned of any suitable material. If 
the casing 1 / 2 is made of metal or any other conductive material, the two halves 1 and 2 
should be insulated from one another. In either case, to fonn a primary seal 80, tiie cafliode 20 
may be attached to, or sealed against, the ca&ode side 2 of the cell casing ! / 2. The primaiy 
seal 80 may be eflfected by pressure, adhesive, or any other suitable means to prevent liquid 
electrolyte from lealdng into the space occupied by the difiuser 50. That is, the primary seal 
80 prevents liquid electrolyte from seeping around the cathode 20 into the area exposed to the 
outside air. A secondary seal 10 between the anode side of the cell 1 and the cathode side 2 
prevents aquieous electrolyte from seeping around to the edge of the cathode 20 or lealdng out 
of flie cell 5. "In fiie embodiment of Fig. 7, the secondary seal 10 is formed by a grommet 90, 
which also serves to insulate the anode side 1 and cathode side 2 of the cell casing 1 / 2 from 
each other. Pressure, an adhesive, or flowing sealant, or other suitable mearis may be used to 
eflfect the secondary seal 10. 

Referring to Fig. 8, in an embodiment, the cathode consists of naultiple layers with the 
middle layer being an active layer 120 composed primarily of carbon, PTFE, and a catalyst 
for reducing oxygen. Note that Fig, 8 is not to scale. The active layer 120 is the location 
where the oxygen reduction reaction takes place in the presence of the catalyst. A separator 
layer 1 00 which may be prelaminated to flie active layer 120 can be made from microporous 
hydrophilic pofypropylene (PP), polyethylene, PVC, cellophane, nylon, Celgard®, or other 
materials exhibiting similar properties. In some applications, the pore size of the separator 
100 is in the range of about 0J25 micron to 2 microns instead of the more typical average pore 
size of less than 0.25 micron used in other battery s^rplicatidns. The larger pore size is 
sufficient to limit electrical shorts fi'om crystallization of zinc oxide in the separator layer 100, 
and stiU pennit enhanced wetting of the cathode active layer 120 with KOH solution. Other . 
types of iseparator materials that may provide better cathode performance include microporous 
polyethylene or polypropylene whose hydiophilicities .are enhanced by radiation graftmg. 
Another class of suitable separator materials is semipermeable membranes based on 
cellophane, polyethylene, PVC, nylon, and polypropylene, for example, ZAMM-0 supplied 
by PaU EAI Corp. An additional nouTWoven, absorbent material can be added between the air 
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electrode and the micn^orous sqparator or between flie micropoions separator and the zinc. 
The purpose of this is to provide an electrolyte reservoir. 

The following processes may provide the preferred composition of the electrode active 
layCT 120. The quantities are representative only and the quantities and proportions may be 



5 varied. . 

1- 240 gMh02 powder (AldrichaieniicalConq)any,MiIwauk 

milled for 24 hours. 

. 2. Add 2000 cc deionized water and heat to 85**C while stirring. 

3- Slowly add 800 g activated carbon (Darco G-60 from American Norit, 

AtlantaGA). 

' 4. Slowly add 288 cc FIFE suspension (jgrade 30-N &cm DuPont). 

5. Continue stirring for an hour. 

6. Filter and then dry at 120*^C for about 5 hours; 



An alternative process for making an active layer that starts with KMn04 instead of 
Mn02 is described in US Patent 3,948,684. the entirety of which is incorporated herein by 
reference. 

Embedded within the active layer 120 is a current collector 140 commonly formed of 
a metel, for example, a nickel, screen. Nickel-plated or nickel-clad steel, gold-plated metal, 
or other materials could also be used. A plastic element coated or clad with a conductor could 
even be used. It is preferred that the cmrent collector 140 of the cathode b e; treated or - 
constructed in such a way as to provide high surface area and low electrical resistance^ The 
formation of oxide on the surface of a metal mesh current collector or a thin fihn of 
electrolyte on the hydropbilic surface of the current collector may limit the power cs^adty of 
the battery cell. One way to deal with this is to coat the current collector with a coating of a 
non-corroding metal finish. However, merely coating the current collector will not eliminate 
the disadvantages of remaining hydrpphilic. Another option is to paint Hhe electrode witii a 
hydrophobic conductive paint Hydrophobic conductive paints have other advantages over 
metal finishes. Gold and silver are the. only metals that can be coated on a cathode mesh and 
still provide reasonable conductivity. Bodi are very expensive. Moreover, a silver coating is 
sli^tly soluble in alkaline electrolytes, which may lead to an increased corrosion of die.zinc 
anode. 

This paint may be q)plied before the cathode active layer is cprnbined with the cuirent 
coflector. A preferred paint is a UMxture of the followin^^ 
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1. ■ Rucmnatedethylrae propylene copolymer (FEP)(^^ 

121 A) or some other tfaermqplastic, (e.g. polyolefin) preferably a 
fluoropolymer. 

2. Isopropyl alcohol or some ofher.saitahle solvent (other alcohols, 
S ketones, chlorinated hydrocarboiis, etc.) 

3. Acetylede carbon (Shawinigan carbon black inade by CSievron) 
some other statable form of carbon, preferably hydrophobk^^ 
graphite. 

A representative batch of paint may be formed of 1400 cc isopropyl alcohol, 108 cc 
10 FEP and 20 g acetylrae black. The paint may be sprayed, or applied by any sdtemative 
suitable means, onto a mesh at a loadi^ this loading is only an example, 

and higher or lower loading vahies m^ also be used. ;The coated mesh is fhen baked in an 
ovenat290»330^CtosinterthenBPandbonditt6&emetalcun:€ntOT^ . 
nickel mesh. The actual sintering temperature, in ^Ucations of the present inventi 
15 .depend upon the particular thermoplastic used. . Note tibuit, in addition to sintering a sinterable 
material such as FEP, materials that can be melted to form a coherent mass could also be used 
in replacment of the sinterable material to bond the coating in place. The painted current 
collector may be heated by microwave, infrared, BF, or ultrasonic means instead of heating 
the coated mesh in an oven. The sintered coating forms a continuous hydxopholnc conductmg 
20 coating that protects against the corrosion or the oxidation of the metal mesh material. The 
smtiEdngstq) also removes &esiizfactant in AeFE^ It has been found that an air 

dectn)de with this coating laminated to a smtable sq>ffl 

airceIlofan3al0cm^(2JScm. by 4 cm.) gave a steady state voltage 250 mVhigiherflian an 
air electrode wi&oiKt this coating when discharged at a constant 0.47A. 

25* To provide for current cq>ability in zinc-air batteries, the cathode should be fully 

saturated with electrolyte. The cathode tends to dry out as a result ofwater evaporating from 
flie cell and as a result of waters of hydration being drawn away from 4e cathode when zinc 
. oxide forms during discharge of the ceE The addition of hydrophilic agents to &e cathode 
ameliorates this diyout efTect For example, cellulosicinaterials such as Nalrosol ® 250 

30 MBR hydroxyethylcellulose (HEQ may be added to the cathode material (finely divided and 
added to the active layer mixture). As moisture leaves the cathode during discharge, the HEC 
holds onto this moisture and makes it available in the cathode despite the progressive drying - 
of the cathode. A similar material has been used as a monolithic layer, but the incorporation 
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Of the material in its finely divided fonn inside the cathode active layer helps to insure that 
moisture is held where it is needed. The foUowing is an example construction of a cathode 
material using NatrosoL 

240 g. of MnC)2 powder (Aldrich Chemical Company, Milwaukee, WI) 
is ground finely in a mill for 24 hours. The MnOz is then poured into 2 Uters of 
ddonized pi) water and heated to 85°C. Add 800 g. of Daico G-60 carbon 
(American Norit, Atlanta GA) while stirring. Then add 288cc of Dupont 30-N PTFE 
suspension. Continue stirring for one hour, and then filter and dry at 120°C for 5 
honrs. 

Slowly add 200g of the active mass made above to 5 Ktete of DI water 
stined at SS^C. After all the carbon is in susperision, add 2 grams of Natrosol (grade 
250MBRfiran Hercules). Continue stining undo- heat until dry. 

The active mass treated with the Natrx>sol® is spread evenly over a 
nickel mesh (40x40 mesh 0.005 mm dia. nickel from National Sfandani^ an^ pressed, 
to make an active layer ofan air electrode. A porous PTFE sheet is then pressed on 
orre side of the active layer. 

Tie air electrode from above is then lanuaated with a micropoions 
polypropylene fihn (grade 3501 from Celgard®) separator. Tbs air electrode and 
separator laminate is tiien assembled into a zinc^ ceD of area lOcm^ contain^g 3.1g 
zmc and 2.4g 8M KOH solution, and the conqilete .cen dosed by terimping. 

Testing Technique. - The test ceU aiui a control cefl that does not 
contain the Nattosol® are exposed to a 25-30% relative hunjidily (RH) environment 
for a period of 7 days. After 7 days the cells are discharged imder a load foflowing a 
GSM profile, which is one of the standard profiles used by mobile communi<ation 
devices for cormmmicating with ground stations. GSM is a galvanostatic square wave 
profile consisting of 1.3A for 0.6 msec and a.08A for 4.0 msec. The discharge cycle 
spans one hour (0.2Ah). The cells are tiien returned to the low humidity enviromnenL 
This discharge cyde is repeated every 3-4 days until tiie cells M. Faihre is defined 
as the hi^ current voltage falling below 0.9V. 

Results - On tiie initial test after 7 days, both types of cells had a 
voltage above 0.9V. But when tested after a total of 1 1 days exposure, to 25»/oRH, the 
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. cen witliout Natrosol® failed. Tie cell with Natrosol® continued to work in similar, 
tests over a period totaling 25 days m a 25%RH environment 
In Fig. 8, which shows a cross-section of the cathode, there is a guani layer 160, 
preferably formed of a PTFE fihn. laminated to the side of the active layer feeing the ah- 
holes. Theguardlayerieoaiowsoxygentoenterthecathodewhilepreventingliquid 
electrolyte from leaking out This layer 160 is preferd)lytmsmtered and highly poio^ . 
gases. TheprefeiTedpoTosityisatleast30%,bmitisdesirabletopn)videa.guardkyff 
evenmoreporous. Porosityof50%Qrmoreareevenmorepreferable. Theprefeired 
thickness of the guard layer is no more than 100 microns. 

As visfljie in Fig. 7, an uncompressed PITE fihn 85, which is separate from the 
lamin^ed structure of the cattiode 20, is uncompressed by any laminatingpiDcess used to 
form the cathode structure sho^ in Fig. 8. During the-manufectuie of the cell, the grommet 
90 forces the cathode 20 against the cathode side of the ck 2, teby conq>ressing^fl^ 
previouslyunconqjtessedPTFEfitoi85. This heftjs to fomi the primary seal 80, wHdi 
15 isQlatesthevolTOeoftheceflthatisincommunicatianwiththeo 
. dectrolyte as described above. Since the fihn 85 is initianyunc0n5ttessed.it can act as a 
gasket to create or a^gmentthe secondary seaL Ahb. as discus 
used to effect the seal 80 abd the uncompressed PTFE layer 85 is not essential for this 
purpose. ThePlFElayera-theguaidlayer'ljanmatedtothecathodeandlheu^ 
to. >)^- allow ar to difEuse into the cathode whUe preventing Kqmdfiomleak^ 

fa production, the active hyer 120, the sqjarator sheet 100, and the guaid layer 160 
maybe laminated together to form a single structure. Representative^, the dimensions of the 
active layer and the separator l^ers are 0.20^^0 min and 0.025^JJ5 mm. respectively. The 
actual dimensions depend on the application and can be ai^ suitable thickncM. It is 
5- preferable ftrt the find pressure used to 

It has been found Oat an active layer density of less dian 1 g/cc is a suitabte for 
attaining hi^ cunent densities. It has been fonnd that an active layer density of 0.8 g/cc is 
achievable and provides even greater current density potential. It was. found that a PTFE 
layer with a porosity greater than 50% and athickness.less than 100 microns and an active 
) layer with a density less than 1 g/cc, and preferably less than 0.8 g/cc, exhibits a substantiaUy 
higher limiting current than prior art cathodes. Together, these improvements produce an air 
electrode with a limiting current greater than 40QmA/cm2 with a voltage greater than -30QmV 
as compared to a Hg/HgO refa-ence. electrode at room temperature. 

10 
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Still another feature fliat has been found to result in higher performance is a roughened 
surface on the cathode active layer facing the separator. Such a surface can be obtained by 
pressing the surface with an irregularly surfaced mold to foim an imprint. Altematiyely, 
various abrasion techniques, such as brushing, air blasting, or sandblasting; or various heat 
5 treatmaits, such as partial oxidation, can be used. The ayerage roughness (R^ of the surface, 
as measured by ANSI B46.1-1978, shodd be on the order of 10-100 microns ii^ 
usual O.l-l microns^ 

The combining of thennal zinc and electrolytic zinc to fonn a zinc ir^ 
zinc anode that is capable of generating relatively high current and combining wi& many 

10 p^ormance increasing additives, such as corrosion inhibiting agrats. Electrolytic zinc is 
formed by subjecting zinc to an electrolytic process, which results in a form of zmc that, is 
porous and that has a high surface to mass ratio. The process includes directly electroplating 
metallic zinc onto a current collector from a solution of zinc ions. The porous zinc that results 
from the process ejchibits superior electrical conductivity and is capable of generating more 

15 power than a less porous zinc. Referring to Fig. 1 , the gr^h plots the voltage output over 
time of two battery cells subjected to the same load. line A represents tibe voltage ou^ut of a 
battery cell containing electrolytic zinc, and line B represents a battery cell containing thennal 
zinc« Fig. 1 clearly shows that electrolytic zinc (Line A) provides an xnci:ease of 
spproximately 0.2 volts or approximately 20% to the voltage output of the battery cell. 

20 Although the electrolytic process is beneficial in that it results in a zinc capabl^^^ 

generating high current, the electrolytic process is not suitable for fonning particles 
containing corrosion inhibiting metals alloyed to the zinc. ' Thennal zinc, on the other hand, is 
capable of combining with corrosion inhibiting agents and is formed by atomizing molten 
zinc to form a zinc powder having a particle size distribution of between 0.0075 to 0.8 mm 

25: and a surface area of between 0^ - 0.4 m^/g. Thermal zinc can then be combined with 
. coiTosion inhibitors, a geUtng agent and a KOH solution to form a gelled mass enable of 
being extnided.to form a zinc anode. 

A mixture of thennal zinc with electrolytic zinc results in a combination exhibiting 
beneficial qualities of both thermal and electrolytic zinc. A geUing agoit may be added to the 

30 mixture to form a zmc slurry. Amixture containing 10% to 50% dectrolyticzin 
preferable. 

At the higher end of the spectrum (50% electrolytic zinc), a gelling agent may not be . 
necessary. The mixture can be combined and pressed together to form a porous, rigid, plaque. 
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The plaque maintams its shape due to the dendritic structure of electrolytic zmc tangling with 
the structure of the thermal zinc. The dendritic branches of electrolytic zinc tangle wi& each 
other and also vdth the thennal zmc to hold the powder-like thennal zinc. One advantage of 
forming a plaque structure is that the plaque can be placed in the casing. Normally, a gel-like, 
5 zinc bolus is dispensed in flie casing and the manu&cturer must provide time in the assembly 
process for &e zinc to settle and spread out to fill the casing. 

The addition of polyethylene glycol (PEG) to the zinc electrolyte mixture 
Ike rate by which the zinc corrodes. The ejGfect of PEG on zinc corrosion was evaluated usmg 
PEGs with dififezing molecular weigjhts. Referring to Table 1 below, PEG^OO and PE&ISOO 
10 were found to be most e£fective in this demonstration^ with higher concentrations resulting in 
better corrosion resistance. 

TABLE 1 



Concentration, 
ppm 


Corrosion rate (%/week) 


PEG-600 


PEG-1500 


PE(M0,000 


500 


0.009 


0.007 


0.017 


1000 


0.008 




0.018 


1500 


aoo6 


0.006 


0.017 


2500 


0.005 


0.006 


0.018 


3000 


0.006 


OJ006 


0.018 


400p 


0.004 


0.004 


0.017 


5000 


0.002 


0.004 


0.016 



15. 

The addition of PEG to the zinc anode also increases tiie cell's resistance to sudden 
shocks. Sudden mechanical shocks to the cell can cause tiie discharge voltage to significantly 
and temporarily drop. This voltage drop can significantly and adversely afifect the operation 
of the device powered by the cell. The effect is more pronounced in zinc-air cells with zinc 
20 anodes made of electrolytic zinc. 

A large minimum particle size can contribute substantially to a low coirosion rate, A 
particular zinc anode material was obtained by removing the smallest fraction of particles, 
those below 1 00 microns, &om a batch of zinc particles. In test samples, the starting material 

12 
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was Mitsui thermal zinc, 50 to 500 microns. The smallest fifaction, below 75 microns, was 
removed by sieving. The results of tests of sanq)les of flxebig zinc particles shows a very low 
corrosion rate. The following are results of corrosion tests on various batches of ziilc 
material, some in combination with PEG or PbO. . 

Table 2 



Corrosion rate (%/wk) 



No 


Type 


IR 


»P 




Cap 
[Ah] 


0% 


20% 


50% 


1 


S^nall particles- 
38-75fi 


.055 


30 


1.1 


23 


0.23 


034 


0.9 


2 


Big particles- 
250-500^ 


0.08 


150 


1.13 


2.7 


■;o.o4 


oa 


0.35 


3 


lOOppmPEG 


0.07 


880 


1.01 


2.6 


0.05 


.021 


02S 


4 


200ppmPEG 


0.1 


1150 


1.055 


235 


0.05 


.011 


02 


5 


Inccatmg 




80 


1.11 


2.55 


0.15 


.02 


0.5 


6 


spOppmPbQ 


0.1 


70 


1.04 


2.6 


0.25 


.04 





Six sainples wece tested. The first sample consisted of small particles of zinc m the 
range of 38-75 microns. The rest of flie samples contained large particles of anc in the range 
of 250-500 microns. The second sample had no additives. The fhiid and fourth contained 
100 and 200 ppm PE&600 in the electrolyte. The fifth smq>le had an indium-coated l^ng 
adjacent the zinc. The sixth sample contained 500 ppm PbO. Table 1 shows the results 
corrosion tests in which the cells were discharged at 0.47 A. The table headings are defined 
as follows: IR is the resistance of the test cell. is the passivation resistance. Vpuu is the 
plateau exhibited by the voltage vs. tfane discharge cunre. Cap. is thfe total energy, delivered 
before the voltage dropped below 0.9 volts. Corrosion rates were measured at various points 
through the discharge history of the test cells, namely, at 0% discharge, 20% discharge, aiid 
50%discharge. 

From Table 2 it can be seen that the corrosion rate of small particles is much greater 

than that of the larger particles. Addition of PEG reduced corrosion but reduced the plateau 

voltage arid increased the passivation resistance. From these data, it is concluded that 

removing the smal l er fraction of zinc from a batch of zinc particles reduces the corrosion rate. 

It has been found by further experiments that if the particles below 75 microns ^re removed 

13 . 
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from a zinc batch, the conosion rate is lowered to the point comparable to the above laige 
particle samples. Preferably, the particles below 100 microns in size are 

Fig. 2 shows the effects of mechanical shocks on the discharge vote^ of five (5) 
zinc-air battery cells, A. B, C. D. and E, having different pK^ 
different porosities (the greater the concentration ofPEG corresponds to lesser porosity). At 
times I, n, and m, the batteiy ceUs were dropped onto a rigid surface at increasing heights. 
As shown in the chart, PEG affects the cell's reaction to shock. At concentrations of 10 pjan. 
the battery ceU experienced a drop of .135 vohs or approximately 10% wbea dropped &om a 
heightoflOcm. TMsdiopwaslessthan.02volts,or2%.whenthePEGconcentrationwas 
increased to 50 ppm. Increasing the concentration fiirther results in a minor improvement in 
shock redstance with a significant drop in discharge voltage. Althou^ the discha^e voltage 
of the 10 ppm. cell b^efited fixan the lower concentration levels, this benefit was more than 
oflfeet by file shock effects when dropped more than 10 cm, 

Toincrrasefliepeifonmceofthecell, especially whOT 
15 alowvi«»Mtydikentcanbeaddedtbflie2incelectrol^ Examples of suitable 

diluorts are isopropanoUobutanol, and secbutand..and lOT^ 

Concentrations of 5% by wd^ of a low viscosity diluent have been fbundto increase the 
discharge voltage by 60mV. 

To inoease file energy cqjacity of the cell, alumna (AlaQj) can be added to fi^^ 
20 mixtuni. Concentrations of^uminaofl% by wdght have been fomd to increase cap^^ 
iOwm 10%. However, file addition of alumina tends to decrease file discharge v^^ 
cell Tins voltage decrease can be offeet ttKough fee addition 

Rfifening to Figs. 3 and 4,.flie two graphs show the effects fiiat alumina and isopranol 
have on a battery c^H yAm file battery cefi is exposed to low te^^ 
25- Figures shows fiie discharge voltage of abattery ceU wifli flie additives at 25«C. and Figure 4 
shows an identically<onfigured cell at O'C M fiie lower temperahire environment (Fig. 4), 
both file dischsjge voltage and tije eneigy ca?)adty of a ceU wifli fiie additives exceeded fiiose 
of the ceD wifliout fiie additives. In fiie higher temperature environment (Fig. 3) the additives . 
ndfiier he^jed nor hurt the performance of file battaty celL 
10 Conosion resistance of flie zinc anode is also accomplished flirough a coating on tiie 

metal casing. The zinc anode can react galvanically wifii the metal of fiie casing, resulting in 
conosion and the generation of hydrogen (gassing). Gassing increases fiie internal pressure of 
the battery cell, which also increases fiie hkelihqod tiiat tiie battery cell will leak. The 

14 
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generation of hydrogen can cause a cell to fail within hours of assembly. 

The following zmc/electrolyte/corrosion-rinhibitor combination was fonned as an 
example that displays the above properties. 

1. 560 grams ofzmc powder (thennal zinc) from I^tsuiMini^ 
5 Ltd., ABI grade is mixed with 5 grams of Caibopol 941, a gelling 

uniform zinc/gelKng agent mixture. 

2. 27.4 grams of ZnO from Durham, Electrolux grade, is mixed with a Uter of 
deionized water, 8.5 M in KOH, to form zincate solution. Electrolytic zinc is formed 
by electroplating the zinc fix)m the zincate solution onto a metal sheet The 

10 electrolytic zmc is added to 435 grams of a deionized water solution of 8-5 M KOH 

from Oxycheih Co. at a proportion of 22 grams of electrolytic anc for every liter of 
dioinized water to form a zinc/water solution. 

3. The zinc water sofotion is mixed with the zinc/gelling agent in^^ 

blend containing 56.0:0.5:43.5 by weight of zinc powdenGaibopolJC^ The blend 
15 is stored for 24 hours and separated into the desired dosage. 

To limit gassing and corrosion, a layer of tin is coated onto the interior side of the 
casing, thereby separating the zinc.anode from the metal casing. A complete electrical 
separation is not preferred since, in most zinc-air cells, the casing acts as an current collector 
20 of the cel^ and the anode is electrically connected to this current collector through its cbntact 
with the casing. 

The thickness and the manner of ^plication play major roles in the effectiveness of 
&e coating. Tests conducted on cells with a coating of indium of 1 1 microns and 33 microns 
revealed that the coitosion rate improved 320% - 900% from the thinner to the thicker 

25- coating. The average corrosion rate of a cell with all microns thick coating of indium wias 
032% to 0.36% per we^ this average decreased to 0.04% to 0.1 % for a 33 microns thick 
coatiog. ' . ' 

Fonmng a nmform and complete coating of tin can be accomplished by soldering, 
electrolytic plating, and electroless plating. Tm can be soldered onto flie surface of the casmg 

,30 . by melting the tm and spreading it over one or both surfaces. Tin can: also be added by an 
electrolytic process on either or both sides of the casing element An electroless process can 
also be used. Applying tin through a weU-known electroless process requires the ^ 
a copper support layer. . 

' ^ ' 15" • 
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Referring now to Fig. S showing an anode casing element 100 formed.of three layers 
of different materials, a layer of copper 105 forms the inner surface of the casxDg element 100, 
and alayer of nickel 110 forms &e outer surface of the casing element 100. Between the two 
layers lOS, 110 is a layer of stainless steel 115. The combination of the tturee layers 105, llo, 
5 and 1 IS phrvides &e casing element 100 wi& material properties that are not found in a 
single material. The layer ofnickel l 10 pn)vides the casing element 100 widiimpr^^ 
electrical cpnnectivity properties with the electronic device. The layer of nickel 110 also 

. protects the layer of stainless steel 115 6om the atmospheric conditions, which can cause the 
layer 1 15 to oxidize mi cozrode. The layer of stainless steel 1 15 provides strength to the 

10 structure of the casing element 100. The layer of copper 105 protects the layer of stainless 
sted il 5 and the metal anode fiom reacthig wift each other and also provides a surface tar 
the elwrtroless plating of the protective layer of 

Copper is required for fteelectroless plating of ti^ SnO or ShCl2 reacts with the 
copper layer 105 in a bath containing thiourea. The layer of tin (not shoWn) formed on the 

15 copper layer 105 has been found to inhibit the corrosion ofthe metal anode. 

The casing element 100 may also be formed of two layers instead of three, with the 
layer of nickel 110 eliminated. The nickel layer 1 10 does not assist with the inhibition ofthe 
reactivity between the zinc anode and the casing element 110, and is tiierefore^ not absolutely 
essential to the benefit exhibited. 

20 Further, a casing elemeritnmydso have two layers of copper and €^ 

stainless steeL For example, referring to Fig. 6 showing such an arrangement in an alternative 
casing element 120, a layer of copper 125 forms the inner sur&ce ofthe casing element 120 
and a layer of copper 125 also forms the outer surface of tibe casing element 120, with the 
copper layers 125 sandwiching a layer of stainless steel 130. 

25 When this casing element 120 is immersed in a bath containing thiourea and SnO or 

SnCfc, layers of tin (not shown) are formed on both sides ofthe casing element 120. The 
layer of tin on the outer surface of the casing element 120 protects the casing element from 
corrosion ill ambient air. 

Another solution to the corrosion problem is to coat a substantial portion ofthe inner 

30 surface of the casing element with an insulator, such as an epoxy . Since the chemical reaction 
. rate between the zinc anode and the casing element is directly related to the area ofthe 
exposed surface of the casing element to the zinc anode, a reduction of this exposed surface 
area reduces the rate of corrosion. However, some exposure should remain since the casing 

16 
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element acts as a current collector of the cell, and electrical connectivity between the zinc 
anode and casing element should remain for the casing element to perform this function. 
Examples of suitable insulting materials include tar and epoxy. 

To further improve the performance the efficiency of the battery cell, a zinc/electrolyte 
5 mixture should contain a lesser concentration of zinc than the mixture employed in the prior 
: ait Concentrations of 60% zinc by weight, instead of 70-80% zinc as used in flie prior art, 
ensures that a greater portion of the zinc is utilized* Larger concentrations of zinc results in a 
dxier mixture that is more susceptiible to desiccation and the attendant decreased energy 
capacity. Metal-airbattcry cells are particularly susceptible to dry^uL 
10 It will be evident to those skilled in the art that the invention is not limited to the 

: details bf the foregoing illustrative embodiments, and that the present invention may be 
embodied in other specific forms without departing from the spirit or essential attributes 
thereof. The present embodiments are therefore to be considered in all respects as illustrative 
and not restrictive the scope of the invention being indicated by the fi5)pended claims rather 
15 than by the foregoing description, and all changes which come within the meaning and range 
of eqmval^cy of the claims ^ therefore intended to be embraced tfaereinL 
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Whatis claimed is: 

1. A metal-alkaline battery cell comprising: . 
a cathode including a catalyst and a conductive material; 
5 a first terminal electrically connected to the calbode; 

a nuxtuie including an electrolyte and pardde-size-selected met^ 
a second ternunal electricaUy com 

a separator located between the tiathode and the mixture, in physical contact with the 
caOiode and with the mixture, said separator being of such material as to pemiit ions to travel 
1 0 between the cathode and the mixture and to blodc metal particles fitmi contacting the cathode, 
wherein substantially all particles contained in the pardde-size«selected metal are 
larger dian a predetomined size. 

.2. The battery cell of claim 1, wherein the wherein the particle-size-selected metal 
15 includies particle-size-selected zinc. 

3. The battery ceUofclaim 2, wherein theparticle-size-selected zinc accQi^ 
60% of jEhe mixture by wd^t 

20 4. The battery cell of claim 2, wherein fhe nuxture mcludes electrolytic zinc. 

5. The battery cell of claim 4, wherein a ratio of electrolytic zinc to particle-size-selected 
zinc in 4ie mixtare is between atK>ut 1 :9 and ate 

25 6. The battery cell of claim 4» wherein the electrolytic zinc and the particle<*size-selected 
zinc, taken together, account for about 60% of the mixture by weight 

7. The battery cell of claim 1, wherein the (inductive material inchides carbon. 

30 8. The battery cell of claim 1, wherein the wherein the separator includes Teflon. 

. 9. The battery cell of claim 1 , wherein the mixture includes a gelling agent 
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10. The battery cell of cliaim 1, wherem the particle-size-selected metal contains a 
substantial amount of particles with sizes that are close to the predetenoodned size. 

11 . The batteiy cell of claim 10, wherein the predetennined size is about 75 microns. 

5 

12. The battery cell of claim 11, wherein substantially all particles contained in the 
pardcle-size-selected metal are smaller than about 500 microns. 

13. The battery cell of claim 10, wherein the predetermined size is ^nt 100 microiis. 

10 

14. The battery cell of claim 13, wherein substantially all particles contained in the 
particle-size-selected metal are smaUer than about 500 rnicroris. 

15. The battery ceU of claim IjWherein.a corrosion-inhibiting agent is aUoyed in 
15 particle-size-selected metal 

16; A metal-air battery cell comprising: 
an air electrode; 

a first terminal electrically coimected to the aiir electrode; 
20 a mixture including an electrolyte and particle-size-selected metal; 

a.second terminal electricaUy coxmected to the mixture; and 
a separator located between the air electrode and the mixture, in physical contact with 
the air electrode and with the mixture, said separator being of such material as to permit ions 
to tmvel between the air electrode and ihe mixture and to block metal particles from 
25. contacting file air electrode, 

wherdn substantially all particles coiitained in the particle-size^s 
larger than a predetennined size. 

17. The battery cell of clairii 16, wherem the wherein fte separator includes Teflon. 

30 

18. The battery cell of claim 16, wherein the particle-size-seleGted metal includes particle- 
size-selected zinc. 

. 19 ■ 
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19. The battery ceU of claim 18. wherein the particle-size-selected zinc contains a 
substantial amomit of particles with sizes that are close to the predetennined size. 



20. TT»ebatteryceDofcIaiml9,whereinthepredetenninedsizeisabout75 



microns. 



21. TTiebatteiyceUofcIaim20,whereinsubstantiallyaIlparticlescontainedinthe 
particle-size-selected zinc are smaUer than abom 500^^^ 

22. ThebatteryceUofclaiml9,whereinthepiedeterniinedsizeisaboutl00nii^^ 

10 

23. Thebatteiy ceUofclaim 22, wherein substantially aflparticlciscon^ 
paiticle-size-selected zinc are smaHer thro about 500 imcron^ 
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24. Thebatteryceilofclaiml9,whereinthenuxtnreincIudesagelhngagent 

25. Hiebattery ceUofclaim 19, wheiem a conosiott-inhflriting agent is alloyed in &e 
particle-size-selected zmc 

26. ThebattetyceUof claim 19, whaemtheparticle-aze-selectedzincaccou^ 
20 60% of&e mixture by wei^ 



27. The battery cell of claim 19, wherein the mixture includes electrolytic 



zmc. 



28. The battery cell of claim 27, wherein a ratio of electrolytic zinc to particle-size- 
25. selected zmc in the mixttire is between about 1:9 and about 1:1. 

29, The battery cell of chrim 27, wherein the electrolytic zinc and the particle-size-selected 
zinc, taken tbg^er, account about 60% of the mixture by wdg^^ 

30 30. AmethodoffomiiiigacoiTosionresistantmetaI.airbatterxceUconpisingthestep^ 
of: . 

fonning amixture by mixing ingredients including an electrolyte and particle-size- 
selected metal; 
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dectncally coimecting a first tenmaa^ 

obtaining an air electrode with a second tenninal coimected tbereto; and 
positioning a separator between the air electrode and the mixture, in phy^ 
with the air electrode and with the mixture, wherein the separator pemiits ions to travel 
S between the air electrode and the mixture and blodcs metal particles fi^ 
electrode, 

wherein substantially all particles contained in the particle-size^selected zinc are larger 
than a predetennined size, 

10 31 . The metiiod of claim 30, wherein ihc particle-size-selected metal contains a substantial 
amount of particles with sizes that are dose to the predetennined 

32. The me&od of claim 31, wherein the predetemxined size is about 75 microns. 

15 33. The method of claim 32, wherein the particle^size*selected metal includes particle- 
size-selected zinc. 

34. The method of claim 32, wherein substantially all particles contained in the particle- 
size-selected metd are smaUer than about 500 miaxn)^ 

20 

35. The method ofclaim 31, wherein the predetein^ 

36. The method of claim 35, wherein the particle-size-selected metal includes paiticle- 
size-selectedzinc. 

25 

37. The method of claim 35, wherein substantially all particles contained in die particle- 
size-selected metal are smaller than about 500 microns. 

33. The method ofclaim 31, wherem the particle-size-selected metd 

30 removmg substantially all metal particles that are smaller dian the predetemuned size from a 
batch of metal particles. 

39. The method of claim 38, wherem a sieve is used to remove substantially all of the 
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40. The method of claim 3 1, wherein the mixture formed in the forming step includes a 
gelling agent . 
5 ' • . 

4i: The method of claim 31, T**erein a corrosion-inhibiting agent is alloyed in the 
particle-size-selected metaL 

42. Theme£hod ofdaim 31, wheim the particle-size-selected metal includes pa^ 
1 0 size-selected zinc, and the particle-size*selected zinc accounts for about 60% by weigiht of the 
mixture fonned in &e fdiming step. 

. 43. The method of claim 31, wherein the particle-size-selected metal incli^ 
size-selected zinc, arid the mixture formed in the forming step includes electrolytic zinc. 

■15. 

44. The method of claim 43, wherein a ratio of electrolytic zinc to particle-size-selected 
•zinc in the mixture £mned in the forming step is between about 1 :9 and about 1 :1. 

45. The method of claim 43, wherein the electrolytic zhic and the particle-size-selected 
20 zinc, taken together, account for about 60% by wd^t of the mixture formed in the forming 

step. 
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